In an ambitious early spherical harmonic study, Creer et al. [1973] analyzed the data originally considered by Wilson, to determine dipole eccentricity (that is, to fit each spherical harmonic coefficient up to degree and order 2). They also analyzed data of Quaternary to Recent age then available in published pole listings as well as the deep-sea core results from Opdyke and Henry [1969] . These authors found that the best fitting eccentric dipole for the Quaternary had only 1 o tilt but was offset 145 km north along the rotation axis and also 147 km away from the axis toward the Pacific. They noted, however, that significant differences emerged when different data sets were analyzed, suggesting that the quality and distribution of data then at hand were inadequate. Georgi [1974] continued this work by combining the terrestrial and deep-sea sediment results used by Creer et al. [1973] to fit coefficients as high as degree 3; however, he determined that only second-degree terms were significant, thus supporting the previous results of Creer et al. [1973] .
Merrill and McElhinny [1977] later analyzed paleßmag-netic results compiled from published pole listings as well as data procured directly from the original researchers.
This allowed them to analyze separately normal and reverse polarity data which could not be distinguished from the published listings. After examining declination as a function of longitude, these authors concluded that nonzonal effects were probably small and so fit the zonal quadrupole (g• and octupole (g3 ø) terms in their analysis of the field. In a similar fashion, Coupland and Van der Voo [1980] , using published pole listings, found little evidence for nonzonal components in the recent field, and they too estimated the zonal quadrupole and octupole. In contrast to these zonal harmonic analyses, Livermore et al. [1983] modeled the 0-5 Ma paleßmagnetic field by fitting all terms up to degree 3. They found almost all nonzonal terms to be small; however, the h• so determined appeared to be comparable in magnitude to the clearly significant zonal quadrupole and octupole terms.
EXAMINATION OF DEEP-SEA SEDIMENTS
In this paper we present a new analysis of the global time-averaged field for 0-2.5 Ma and compare our results with these prior studies. Our efforts differ from previous work principally in that we use paleßmagnetic data from deep-sea sediments exclusively (Figure 1 ). Such sediments are known to retain a good record of Earth's ancient magnetic field lOpdyke, 1972; Harrison, 1974] ; however, being sampled by piston coting, these sediments do not give paleßmagnetic declination (the cores not being oriented in azimuth). Nevertheless, piston cores do provide a number of advantages compared to the fully oriented continental data previously studied. First, and most obviously, the use of deep-sea sediments allows for a better geographic distribution of sampling sites than with land-based data, particularly in the Pacific and southern hemispheres. Also, the slow accumulation of pelagic sediment on the seafloor (typical rates are about 1 cm per 1000 years), combined with the ubiquitous bioturbation of these sediments (typical burrowing depths are about 10 cm), suggests that significant averaging of the magnetic field is accomplished in situ, making deep-sea sediments particularly appropriate for a study of the time-averaged field. Furthermore, pelagic sediment cores can be readily dated by using the contained record of biostratigraphic events and magnetic reversals. This precision in age control permits plate tectonic corrections to be readily made and also allows time and polarity dependent effects to be easily distinguished. Finally, as we shall argue below, we believe that shallowly buffed deep-sea sediments in general may be more reliable recorders of field inclination than are terrestrial sediments or lava flows.
Several of the above-mentioned
studies used some deep-sea core data to supplement the largely land-based data sets; however, the core data available to these workers were limited, and their descriptions of the paleomagnetic field depended largely on results from terrestrial sediments and lavas. For our studies of the time-averaged field we sought to augment the body of deep-sea core data and mount an examination with a homogeneous data set that was independent of any land-based results. We first concentrated our efforts on generating new measurements Our equatorial results [Schneider and Kent, 1988b ] indicated a strong polarity asymmetry: inclination anomalies were of consistently larger absolute magnitude for reverse polarity compared to normal polarity ( Figure   2 ). This polarity asymmetry was observed for the four Plio-Pleistocene polarity chrons covering the past 5 m.y.; it was also seen within the Matuyama chron in comparing the Olduvai normal polarity subchron with reverse polarity intervals directly before and afterward. These equatorial core data did not, however, show any significant deviation from axial symmetry, nor did they show any temporal drift of the field over the past 5 m.y. unassociated with polarity changes. As with many of the previous studies, we found it useful to cast deviations from GAD directions as inclination anomalies [Cox, 1975] As has been customary, the sign of reverse polarity observed and dipole inclinations are inverted to give normal polarity equivalents. This inversion (which we do throughout) allows normal and reverse polarity inclination anomalies to be readily compared or combined. Using this device, we could examine deviations from the GAD model without explicitly fitting harmonic coefficients, although at the equatorial latitudes studied, only the even-degree zonal harmonics (presumably the zonal quadrupole) were expected to contribute. We had excellent knowledge of both age and polarity in these cores and so could test whether the prior indications of polarity dependence could not be more simply explained by changes of the mean field with time.
A Global Sediment Core Data Set
To resolve zonal terms of higher degree than the quadrupole, we have expanded our previous equatorial data set to include cores from northern and southern mid-latitudes (to approximately _+45 ø ) and consider paleomagnetic data from a total of 186 cores of Pliocene to Pleistocene age (Figure 1) . As with the equatorial portion of the data, many of the cores were studied previously for various stratigraphic or geomagnetic studies [Hays et To create the global data set, we examined paleomagnetic data from a total of 413 cores. Many of these data, however, proved to be highly scattered and clearly did not reflect a consistently recorded ancient magnetization, so that in many cases even the basic magnetostratigraphy was not interpretable. About half of the cores originally considered did, however, suggest a stable record of the ancient field, and we used these in our analysis (Table A1) . The 186 cores selected were those that showed high internal consistency (the standard deviations of inclinations within each core were restricted, in general, to 15 ø or less) and displayed a pattern of magnetic reversals that can be readily interpreted using available biostratigraphic control.
In some instances we allowed somewhat more scatter in Because these cores were not oriented in azimuth, we must treat inclination-only data. To average these inclinations, we employ a maximum likelihood technique to remove the bias that would be associated with a simple arithmetic average [McFadden and Reid, 1982] . Note that in performing this correction we take care to use McFadden and Reid's equation (40) with the unhatted value of 0 and not the hatted value as was incorrectly used in their numerical example (P. L. McFadden, personal communication, 1986), so the maximum likelihood estimates of inclination are always steeper than the simple arithmetic average. Typical bias corrections are about 1ø. We also calculate the position of each coring site at the time of deposition by correcting the present-day coordinates for known plate motion. We determine this plate motion correction using the mean age assigned to each core/chmn average with the absolute motion model AM1-2 of Minster and Jordan [1978] . The resultant inclination averages for the Brunhes and Matuyama data sets are given in Tables   A2 and A3. One should recognize that the results from a given core might well deviate from the actual inclination of the main time-averaged field at that site, for instance, because the core may not have penetrated vertically or because of local (crustal) magnetic anomalies. Any such errors, however, should vary randomly from core to core [Schneider and Kent, 1988a ], so we give each core average equal weight in the following analysis, regardless of the number of samples or the scatter in the individual within-core measurements. direction or uncertainty in age than was typical of most of Spherical Harmonic Analysis of Inclinations the data, varying our selection criteria somewhat with To first order, the mean inclinations determined for the geographic region. This flexibility allowed us to construct a data set which was largely balanced in northem and southem latitudes, which was relatively uniform in site longitude, and which was well representative of both normal and reverse polarities.
Our measurement and analytical procedures are similar to those described previously [Schneider and Kent, 1988a] . As with our previous studies using these cores, we separated the inclination data into groups corresponding to Plio-Pleistocene geomagnetic polarity chrons. In this analysis, two groups are considered: Brunhes (0-0.73 Ma) and Matuyama (0.73-2.47 Ma). We calculate an average Brunhes inclination as well as an average Matuyama inclination from each core if that chron was represented by five or more samples, as one might do with a typical paleomagnetic site. We do not include any data corresponding to the various subchrons of the Matuyama so that each group is composed of uniformly normal (Brunhes) or uniformly reverse (Matuyama) polarity data. We can then take the results from these two groups to be representative of the normal (from the Bmnhes data) and reverse (from the Matuyama data) polarity configurations of the time-averaged field which, on the basis of our equatorial core study, we expect to be distinct. Bmnhes and Matuyama follow the variation with latitude expected from a geocentric axial dipole field (Figure 3) . (Note that core RC14-120 provided internally consistent inclination values but falls far from the overall trend, and thus we exclude it from the analysis.) Although the fundamental observation is that these data follow a dipole trend, in detail the core inclinations do show slight but systematic departures from the GAD prediction. To fit the observations with a more complex field model, we must first, of course, decide which spherical harmonic coefficients to include as well as the appropriate quantity to minimize. We chose to fit only axially symmetric components. This decision is based on the results of the most recent spherical harmonic analyses [Merrill and McElhinny, 1977 [Cox, 1975] .
In considering how many of the zonal terms to include we must take into account the limitations imposed by the distribution of data sites, especially the lack of suitable cores available from high latitudes. One reason for this is clear: there is relatively little ice-free ocean at the higher latitudes from which to take piston cores. In addition, the piston core data that are available often cannot be used because the maximum likelihood averaging procedure fails for inclinations too close to vertical (as scatter increases, the probability that some directions actually pass through vertical to shallower inclination angles of opposite declination also increases). Thus the higher latitudes simply cannot be well represented in this core study.
To examine the effect of the various zonal harmonics with latitude, it is useful to consider the inclination anomaly associated with each term (Fig.ure 4) Because the effect of g2 and g4 is quite similar over the latitude range studied, we can anticipate that these two components will be difficult to distinguish with our limited high-latitude data. In fitting our data to a zonal field model we minimize the sum of the squared differences between the observed and the predicted inclinations at each of the core sites. We examined our ability to model the first three zonal terms by mapping an error ellipsoid in the G2-G3-G4 parameter space. Contours of root-mean-square (rms) error are shown on the G2-G3, G2-G4, and G3-G4 planes in Figure 5 . These surfaces show a number of interesting features. Because the principal axes of the error ellipses lie parallel to the coordinate axes in two of the sections (G2-G3 and G3-G4), the estimates of these harmonics can We determined the best estimates for G2 and G3 and their associated errors for the Brunhes (normal polarity) and Matuyama (reverse polarity) separately (Table 2) 
Examination of Axial Symmetry
Although we have expressly overlooked deviations from axial symmetry in our zonal harmonic modeling of the paleomagnefic field, some examination of this possibility 
as a function of longitude, where/(model) is calculated using (5) with the quadrupole and octupole terms given in Table 2 (Figure 7) .
The magnitudes of the axial quadrupole (G2 and octupole (G3) fields, which we can clearly discern here, do differ somewhat from the estimates determined by previous analyses, and these differences need to be examined. The most significant difference is seen in the octupole. Our Brunhes and Matuyama results both indicate a negative value for G3 of about -3%; that is, We speculate that the cause of this discrepancy may be a spurious shallowing of remanent inclination in the land-derived data sets. Shallowing of inclination, whether generated at the time remanence is acquired or during compaction, has been recognized since the earliest studies of sedimentary palcomagnetism [McNish and Johnson, 1983] . For example, it has been found in both laboratory redeposition experiments and in nature that the inclination of remanence in continental sedimen• can be considerably shallower than expected even where compaction is minimal [Tauxe and Kent, 1984] . This tendency toward shallowing of deposifional remanent magnetization (DRM) is normally attributed to the rotation of magnetic grains during deposition in response to gravitational or hydrodynamic torques. Models for the shallowing of DRM by rotation of platelike grains toward horizontal [King, 1955] Figure 8 ). We therefore presume that the previous analyses of the time-averaged field show positive G3 values because of contamination with spurious shallowing (characterized by an average f value of about 0.9). We believe, however, that the postdeposifional mechanism of remanence acquisition in deep-sea sediments may be largely free from inclination shallowing [Harrison, 1974; Kent, 1973] . Although at greater depths compaction may shallow the inclination in deep-sea sediments [Ceyala and Clement, 1988] , the sediments we have studied were never buried more than 10-20 m. Accordingly, we interpret the negative G3 estimate found here (corresponding to inclinations which are steepened) as more representative of the actual palcomagnetic field.
Our estimate for the average quadrupole contribution (G2) of 0.036 generally agrees with prior spherical harmonic studies, which give 0.047 [Livermore et [Schneider, 1988] . We suggest that the quadrupole value given here, although somewhat smaller than the estimates determined in other spherical harmonic studies, may be the more representative value because we have accounted for the effects of plate motion (which, being predominantly northward, would otherwise tend to exaggerate the quadrupole) and because we have determined the quadrupole independently of the octupole or any spurious shallowing (which might also exaggerate the quadrupole if most data sites are Iocatexl in the northern hemisphere). But whatever is the exact cause of the discrepancies between studies, the fundamental similarities should be stressed: three very different data sources, continental rocks (contributing most to the published pole listings which have been examined), deep-sea sediments (analyzed here), and oceanic basement rocks (sensed using marine magnetic anomalies), all show a small but distinct quadrupole effect which, unlike the positive octupole effects reported, cannot be attributed to spurious shallowing. Because polarity dependence was well established in our study of equatorial cores spanning the four polarity chrons of the Plio-Pleistocene, we consider the Brunhes and Matuyama data separately in determining the configuration of the field for both normal and reverse polarity times (there are insufficient cores penetrating through the Gauss and Gilbert in the nonequatorial cores included in the global data se0. As would be expected from our previous equatorial study, the quadrupole estimate is distinctly different for these two groups: the reverse One example where the application of a nondipole field model critically changes the interpretation of palcomagnetic data has been in the study of true polar wander. Using the conventional GAD assumption to determine pole positions from global palcomagnetic data, Morgan [ 1981] and Andrews [1985] suggested that rapid episodes of true polar wander had occurred during the past 5 m.y. In a reanalysis that considered the influence of the nondipole field [Schneider and Kent, 1986], we found, however, that correcting these same palcomagnetic data for nondipole effects reduced the amount of indicated true polar wander substantially. Although the positive octupole value then used to perform the nondipole correction does not match our present understanding of the time-averaged field, it appears that the positive octupole correction acted successfully to compensate for the overall tendency toward spurious shallowing that we believe is present in the continental data analyzed.
Another application of a nondipole field model to a detailed tectonic study can be found in the comparison of palcolatitudes determined from the palcomagnetism of sedimen• recovered from the western Indian Ocean with predictions based on the fixity of African hotspots [Schneider and Kent, 1990] . For that study, we postulated that the Plio-Pleistocene value of the quadrupole could reasonably be applied to these equatorial sediments of Neogene age. We found that the palcomagnetic inclinations could indeed be better reconciled with the northward motion of Africa determined from hotspot tracks if such a nondipole field model was used. Table 2 . Paleolafimde error shows difference between (N + R) nondipole and dipole models.
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PRE-PLIOCENE NONDIPOLE FIELDS
Although substantial differences occur in the average field between normal and reverse polarity times, our Plio-Pleistoccn½ age results (at least from equatorial latitudes) do not show any appreciable changes with time. This finding attests to some stability in the average field configuration, but it by no means indicates that the relative contribution of the nondipole components is necessarily constant. Indeed, there are distinct changes in another geomagnetic field parameter, reversal frequency, that occur over the long term but would not be predicted were the available record of reversals only 5 m.y. long. Thus very long term variation in nondipole field content also would not be unexpected.
It has, of course, been quite difficult to estimate the harmonic composition of the field for pre-Pliocene times. One must contend with a relative sparsity of reliable paleomagnetic data (compared to the Plio-Pleistocene) as well as with the need to correct for plate motions. The usual route of analysis is to use an absolute plate motion model derived from fracture zone trends, marine magnetic anomalies, and hotspot tracks. This absolute (hotspot) reference frame then can be compared with palcomagnetic The inherent requirement for a broad data distribution and accurate plate motion corrections will make the absolute magnitude of the nondipole field for pre-Pliocene times difficult to obtain. Nevertheless, it should be possible to determine the behavior of the standing field more readily. The standing field will give rise to a polarity dependence of palcomagnetic directions which can be easily measured by the degree to which normal and reverse directions depart from being anfipodal at any given location. Indeed, several observations of such polarity dependence have been noted in palcomagnetic investigations of pre-Pliocene age rocks. Nevanlinna and Pesohen In contrast to previous analyses our study of deep-sea sediments indicates that the time-averaged zonal octupole to dipole ratio is negative, rather than positive. We presume that the body of paleomagnetic results previously considered may be affected by inclination errors, which give rise to a positive ocmpole ratio. Our finding of a negative ratio indicates that the time-averaged field may be quite similar to the low-degree zonal configuration of the present-day instantaneous field. Note that the presence of any significant octupole component is not consistent with the original offset dipole model of Wilson [Wilson and Ade-Hall, 1970] which, to first order, describes only the addition of an axial quadrupole contribution to the geocentfic axial dipole.
Our results confinn previous indications that the quadrupole varies in relative magnitude with polarity of the main dipole. We find, however, that the octupole has a more constant contribution relative to the dipole. These observations suggest that the dipole and octupole fields may be genetically linked, and so lend support to dynamo models in which the dipole and quadrupole family of terms are considered separate. The lack of any clear secular trend over the PlioPleistocene suggests that the zonal field model may also be appropriate for somewhat earlier times. Estimation of the exact configuration of the paleomagnefic field for intervals before the Pliocene demands significant refinement, but there are already some indications of larger (~10%) nondipole contributions at times in the early Tertiary. Continued investigation of the evolution of the polarity asymmetry of the paleomagnetic field, as well as the absolute magnitude of its nondipole components, should improve the accuracy of paleomagnefic studies applied to tectonics and also increase our understanding of the behavior of the geodynamo. Tables A1 through A3 may be found on the following pages. 28, 1 / REVIEWS OF GEOPHYSICS Dashes indicate that the core shows no reversals and is presumed to be within the Bmnhes normal and that the estimated age is set to zero. plat, latitude of core site after correcting for absolute plate motion; pLon, longitude of core site after correcting for absolute plate motion; n, number of samples; Mean Age, average age of samples; Incl, maximum likelihood estimate of inclination; A/, inclination anomaly; c•, standard deviation of inclinations; •t95, 95% radius of confidence determined from n and the maximum likelihood estimate of Fisher's precision parameter 1•. Dashes indicate that the core shows no reversals and is presumed to be within the Brunhes normal and that the estimated age is set to zero. plat, latitude of core site after correcting for absolute plate motion; pLon, longitude of core site after correcting for absolute plate motion; n, number of samples; Mean Age, average age of samples; Incl, maximum likelihood estimate of inclination; A/, inclination anomaly; {J, standard deviation of inclinations; {x95, 95% radius of confidence determined from n and the maximum likelihood estimate of Fisher's precision parameter •. Conventions as in Table A2 . 5.5 3.8
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